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The formulation of quantum electrodynamics as parametrized relativistic quantum
mechanics [Ann. Phys. 345 (2014) 1-16] is extended here to The Standard Model
of the electroweak interaction. It is shown here that parametrization preserves the
Standard interactions of the Higgs field with fermions and with the weak bosons.
That is, the masses of the Higgs boson, the fermions and the gauge bosons are
Standard. The principal advantage of the parametrized first quantized formulation
is that quantum entanglement is unrestricted in spacetime [Found. Phys. 46 (2016)
1090-1108]. Thus, the formulation does not have the shortcoming of Quantum Field
Theory in which entanglement is restricted to spacetime separations of the order of
the Compton wavelength. A covariant Bell’s inequality is derived here for fermions
at arbitrary separation in spacetime.
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I. INTRODUCTION
First quantized electrodynamics can be formulated [1] in terms of an unbounded real
variable τ , the so-called Stueckelberg-Feynman parameter [2]. The motivation for the first
quantized formulation is that it supports relativistic entanglement without restriction upon
the spacetime separation [1, 3]. Quantum Field Theory, on the other hand, restricts en-
tanglement to separations of the order of the Compton wavelength [4–8], owing to the field
operators being subject to causal commutation and anticommutation relations. Entangle-
ment necessarily involves noninteracting particles, but parametrized first quantization is only
an acceptable representation of entanglement if the formalism can also be extended from
quantum electrodynamics to the Standard Model of the electroweak interaction. The first
objective of this investigation is accordingly the extension of parametrized first quantization
3to the Standard Model. The second objective is the derivation of relativistic entanglement
in the form of a covariant Bell’s inequality for two Dirac fermions in the spin 1/2 singlet
state. While parametrization is not involved in the derivation of the inequality, it is essential
to the first quantized formulation of the singlet.
The Lagrange densities for fermions and for the Higgs field are stated in Section II. The
Higgs field is explicitly parametrized, while the fermions become parametrized by symmetry
breaking. The Higgs mass, the masses of the weak gauge bosons and the masses of the
fermions are all recovered. The possibility of entanglement over finite spacetime separations
is demonstrated in Section III. A covariant extension of Bell’s inequality is derived here for
two Dirac spinors. The findings are summarized in Section IV. Included in A are outlines of
the first quantized formulations of pair annihilation and creation, higher order corrections
to interactions [1], and the relativistic first quantized establishment [3] of the spin statistics
connection.
II. THE ELECTROWEAK LAGRANGIAN
A. the Weinberg-Salam Lagrange density
The representation here of the Standard Model is in the form of relativistic quantum
mechanics. The wavefunctions for the fermions and for the Higgs field all depend upon one
and the same real parameter τ having the range −∞ < τ < ∞ . For example, a Dirac
4–spinor wavefunction becomes ψ(x, τ), where xµ (for µ = 0, 1, 2, 3) or simply x is an event
in spacetime. The Lorentz metric gµν = diag(+1,−1,−1,−1) is restricted to R4 , that is, it
does not include τ . The underlying Lagrange density for matter depends upon x and τ , and
so the Lagrangians for matter are integrals with respect to both x and τ . The electroweak
gauge fields remain dependent upon x only, as do their Lagrange densities, and thus their
Lagrangians are integrals with respect to x alone. Paraphrasing [9], the Weinberg-Salam
Lagrange density divides naturally into three additive parts:
LWS(x) = lim
T→∞
1
T
∫ T/2
−T/2
(
LH(x, τ) + LF (x, τ)
)
dτ + LG(x) . (1)
In particular, the underlying τ–dependent densities for matter have been averaged with
respect to τ . The symbol T is used exclusively above, and subsequently, to denote the
4range of the parameter τ rather than the range of the coordinate time t = x0. The Higgs
Lagrange density is itself a sum:
LH = LHG + LHF . (2)
The Higgs-gauge coupling is contained in
LHG = (DµΦ)†DµΦ− V (Φ) (3)
where
Φ(x, τ) =

φ+(x, τ)
φ0(x, τ)

 (4)
is a complex doublet of parametrized spin zero Higgs fields having the electric charges as
indicated, and
DµΦ =
(
I(∂µ + i
g1
2
Bµ
)
+ i
g2
2
σ ·Wµ
)
Φ . (5)
The charges for the local SU(2) and U(1) symmetries are g1 and g2 respectively. The
identity I and the Pauli matrices σj constitute a 2 × 2 basis for SU(2) . The semiclassical
but otherwise Standard gauge boson fields W jµ (j=1,2,3) and Bµ are functions of x alone.
That is, the electroweak gauge symmetries SU(2)L × U(1) are local with respect to x but
global with respect to τ . The parametric role of τ for a Higgs boson Φ(x, τ), and similarly for
fermions, may be seen by defining for example the spacetime center X of the wavefunction as
Xµ(τ) = T
∫
d 4x Φ†(x, τ) xµ
←→
i∂τ Φ(x, τ) . (6)
B. the parametrized Higgs potential
The parametrized Higgs potential is
V (Φ) = −µ2Φ†Φ+ 2λ(∂τΦ†)∂τΦ (7)
where µ and λ are positive constants. The parameter τ is active in the Lagrange density (3)
as a fourth spacelike dimension, but again the metric gµν is restricted to R4 and Lorentz
covariance is similarly restricted to spacetime. The τ -integral of the potential (7) has local
extrema. They obtain for fields Φ0(τ) satisfying
µ2Φ0 + 2λ
d 2
dτ 2
Φ0 = 0 , (8)
5with solution
Φ0(τ) = a exp(−iϑτ) + b exp(+iϑτ) (9)
where ϑ = v/
√
2 = µ/
√
2λ , while the arbitrary constants a and b are complex doublets. The
contributions proportional to a and b are respectively ‘positive mass’ and ‘negative mass’
vacuum states. The squared magnitude of Φ0 is
|Φ0(τ)|2 = |a|2 + |b|2 + b†a exp(−2iϑτ) + a†b exp(+2iϑτ) . (10)
If a and b are orthogonal and have the same magnitude ϑ/
√
2 , then |Φ0(τ)| is independent
of τ , has the Standard magnitude ϑ and moreover yields an extremum of the Weinberg-
Salam or Standard Higgs potential VWS(Φ) = −µ2|Φ|2 + λ|Φ|4 . The extreme value of the
parametrized Higgs potential (7) is in general
V (Φ0) = −2µ2{b†a exp(−2iϑτ) + a†b exp(+2iϑτ)} , (11)
rather than the Standard vacuum value VWS(Φ0) = −µ4/4λ . If a and b are orthogonal then
the extreme value (11) vanishes.
It is a misnomer to refer to V (Φ) defined in (7) as a potential, since it has no lower
bound. There are nevertheless free fields Φ0(τ) which yield extrema of V (Φ), which are in-
dependent of spacetime and which therefore qualify as vacuum states. Moreover, as is shown
below, the amplitudes of interactions between fermions and the τ dependent Higgs fields are
Standard, since there are free fields Φ0(τ) having τ independent magnitudes. The advan-
tage of parametrizing the wavefunctions for the Higgs bosons, and also the wavefunctions for
the fermions as shown below, is that there are then manifestly covariant wavefunctions for
states of multiple particle systems regardless of particle separation in spacetime. The param-
eter serves to coordinate the individual spacetime wavefunctions in the manifestly covariant
wavefunction for the multiple particle system.
The potential (7) has no quartic self interaction, but fine tuning difficulties [9] remain
owing to quartic interactions of Higgs bosons with fermions and with weak bosons.
C. fermions
The first generation of fermions, for example, has the Lagrange density
LF =
∑
ΨL
ΨL i /DΨL +
∑
ψR
ψR i /DψR . (12)
6The left-handed doublets ΨL for the first two generations of quarks, for example, are
qL =

uL
dL

 , rL =

sL
cL

 (13)
respectively, while the right-handed singlets are
ψR = uR , dR , sR , cR . (14)
The covariant derivative DµΨL in (12) is
DµΨL =
(
I(∂µ + i
g1
2
YWBµ
)
+ i
g2
2
σ ·Wµ
)
ΨL (15)
where YW is the weak hypercharge [9]. As applied to the singlets, DµψR does not include
coupling to the vector bosons Wµ .
The Lagrange density for Higgs couplings to the first generation of quarks and leptons
is LHF = LHq + LHl . It is most conveniently expressed in the domain of the ‘frequency’ ̟
with respect to τ . That is,
ψ(x, τ) =
1
2π
∫
ψ(x,̟)ei̟τd̟ , (16)
and so ∫
ψ(x, τ)ψ(x, τ)dτ =
1
2π
∫
ψ(x,̟)ψ(x,̟)d̟ . (17)
Then again for up and down quarks,
LHq = −guqL(˜i∆)uR − gdqLi∆dR + h.c. (18)
where
∆ =

 0
−i̟

− iΦ(x,̟ − ε) (19)
and (˜i∆) = iσ2(i∆)
∗ . The coupling constants gu and gd are related to the rest masses of on
shell particles by mu = guϑ and md = gdϑ respectively. The notation here is Standard but
confusing. Again, g1 and g2 are the electroweak charges in (5), while gu etc. are particle-
to-Higgs coupling constants as in (18). The disposable frequency shift ε permits tuning the
Higgs mass to the Standard value, as discussed below. Combining (12) and (18) establishes
that a free up-quark u, for example, obeys the parametrized Dirac wave equation
(
/∂ + gu∂τ
)
u = 0 . (20)
7The derivation of (20) is simplified by introducing the right-handed doublets with appro-
priate hypercharge assignments. It is immediately evident that if u has the positive mass
τ dependence included in (9) and has energy-momentum p , then the particle is on mass
shell with m2p = p · p = pλpλ = g2uϑ2 = m2u . Plane wave solutions of (20) are propor-
tional to exp[i(p · x ∓ ϕp̟pτ)] , where ϕp = p0/|p0| and gu̟p = mp. It is occasionally
clearer to express p dependence as an argument rather than a subscript, thus for example
̟(p) ≡ ̟p . Details of the free wavefunctions, discrete symmetries and influence func-
tions may be found in [1], although the sign conventions here follow [3]. The normalizations
factor here for the spinor amplitudes of a free electron wavefunction is
√
(Ep +mp)/2gemp
where Ep = |p0| . If an initial particle in a scattering process is on mass shell (̟p = ϑ) then,
as a consequence of the τ–integral in the scattering amplitude, the final particle is also on
mass shell. Moreover, on shell fermions only interact with Higgs bosons Φ(x, τ) having the
mass MH(ε) =
√
2λε2 − µ2 . The choice ε = √3µ2/2λ leads to the Standard Higgs mass
MH =
√
2µ .
For any same-generation fermion doublets Ψ(x, τ) and Υ(x, τ) satisfying
(
/D + g ∂τ
)
Ψ(x, τ) =
(
/D + g ∂τ
)
Υ(x, τ) = 0 , (21)
it may be shown that
∂
∂xµ
(ΥγµΨ) +
∂
∂τ
Υ gΨ = 0 . (22)
In the case of the first quark generation, for example, g = g(1) is the diagonal matrix
diag (gu, gd) . It follows from (22) that the bilinear form
∫
Υ gΨd 4x is independent of τ .
The parametrized wave equation for two fermion doublets is
(
/Dx ⊗ 1+ 1⊗ /Dy
)
Θ(x, y, τ) + ∂τ
(
g(1) ⊗ g(2)Θ(x, y, τ)
)
= 0 , (23)
where the wavefunction Θ(x, y, τ) is in general a sum of tensor products of single doublets
such as wavefunctions Ψ(x, τ) and Υ(y, τ). There are two coordinate times in (23), namely x0
and y0. If the two particle wavefunction Θ and hence (23) had not been parametrized, then
integration with respect to either x0 or y0 would violate covariance. The parametrization of
Θ , and integration of (23) with respect to the parameter τ preserves covariance.
8D. gauge bosons
The Lagrange density LG in (1) is Standard. The gauge bosons Wµ and Bµ , being
independent of τ , are Standard. The bare mass MW of the charged vector bosons arises
from LHG . If, again, a and b in (10) are orthogonal then |Φ0| is independent of τ . The
choice |Φ0| ≡ ϑ = µ/
√
2λ yields the Standard value MW = g2µ/2
√
λ , where g2 is the weak
charge appearing in (5).
It is evident from (1) that the τ independent gauge bosons are supported by τ averages
of quantum currents. This semiclassical formulation is discussed at length in [1, §8.2]. It
can account for every radiative phenomenon except for the routinely detected sub Poisson
statistics in light beams of very low intensity. There would seem to be little prospect of
creating low intensity beams of weak vector boson, or of the Higgs.
E. initial and final masses
Parametrized relativistic scattering theory for many particles is developed in [1]. It is
a straightforward paraphrase of nonrelativistic theory [10]. The parameter τ replaces the
coordinate time t, and the events x, y . . . replace the points x,y . . . . Wavefunctions for
initial and final states are normalized in a box of edge L. A particle of positive mass and
positive energy must be somewhere at a given time, and so the normalization factor is
L−3/2 . It is evident from (22) that a scattering amplitude is an integral over spacetime. An
amplitude is dimensionless, so the measure in the integral must be d 4x/L . Born series for
the amplitude [1, 11] include also integrals with respect to τ , just as nonrelativistic series
[10] include integrals over t. As mentioned above, the τ independent gauge bosons which
mediate scattering are supported by τ averages of quantum currents. All these integrals
contribute factors of the form δ(̟f −̟i), where ̟i and ̟f are respectively initial and final
frequencies with respect to τ . That is, scattering conserves ̟.
Purely electrodynamic scattering conserves mass, so the coupling constant ge for, say,
an electron may be absorbed into the definition of τ . A plane wavefunction with timelike
energy-momentum p has the τ frequency ̟ = mp, where mp (sometimes denoted m(p)) is
the positive square root of p · p. If the initial state is on shell, that is, if m(pi) = me where
me is the rest mass of the electron, then the final state will turn out also to be on shell, that
9is, m(pf ) = me as required.
Electroweak scattering does not conserve mass. The scaling of τ with the coupling con-
stant gf , for any fermion f , ensures that initial and final on shell particle have the common
frequency ϑ with respect to τ .
F. the strong interaction
Parametrization of the electroweak interaction is completely effected by the parametrized
Higgs potential (7) and the parametrized Higgs to fermion couplings such as (18). Gluons do
not depend upon the parameter, thus parametrizing the weak interaction also parametrizes
the strong interaction.
Free quarks have not been observed, and according to quantum chromodynamics [12]
would seem to be confined [9]. It will be shown below that parametrized first quantiza-
tion admits entanglement but, in the case of the strong interaction, entanglement is only
meaningful in the limit of asymptotic freedom [9].
III. ENTANGLEMENT
A. spin 1/2 entanglement
The development of a covariant Bell’s inequality closely paraphrases the nonrelativistic
development for Pauli spinors [13]. Let A snd B be two Stern-Gerlach apparatus having
a common rest frame. Let a , b and c be unit four vectors that are pure spacelike in the
frame of the apparatus, and that coincide with three choices for the directions of the static
magnetic fields in the apparatus. That is, and ignoring transposition, a = (0, aˆ) where
a · a = −aˆ · aˆ = −1 and similarly for b and c. The spacelike components of these covariant
vectors in any other frame are not those of magnetic fields. The latter transform instead
as in [14, §11.10]. Let p = (Ep ,p) and q = (Ep ,−p) be the energy-momenta of oppositely
moving free Dirac fermions that enter A and B respectively. Assume further that a · p =
b · p = c · p = 0 . It follows that a · q = b · q = c · q = 0 . The eigenvalues of the spin operators
γ5/a, γ5/b and γ5/c are therefore good quantum numbers for both fermions. Those quantum
10
numbers are all ±1. For example,
γ5/aψ↑ = +ψ↑ and γ
5/aψ↓ = −ψ↓ . (24)
Both fermions are assumed to have the same positive energy Ep where Ep =
√
m2 + p · p,
so ψ↑ψ↑ = ψ↓ψ↓ = 1 while ψ↑ψ↓ = ψ↓ψ↑ = 0 . Finally, assume the two identical free
fermions form a spin 1/2 singlet with respect to the same spin 1/2 operator γ5/a . That is,
the two-particle wavefunction is necessarily
Θ(x, y, τ) =
1√
2
(
ψ↑(x, τ)⊗ ψ↓(y, τ)− ψ↓(x, τ)⊗ ψ↑(y, τ)
)
(25)
where
γ5/aψ↑ = +ψ↑ and γ
5/aψ↓ = −ψ↓ . (26)
The state is a singlet since (
γ5/a⊗ 1+ 1⊗ γ5/a
)
Θ(x, y, τ) = 0 . (27)
The parametrized, first quantized representation (25) and the U(1) equivalent of (23) make
clear that covariant integration of a multiple particle state with respect to τ is possible, and
by implication with respect to x0 and y0 as exemplified by (6). Covariance is violated by
directly integrating an unparametrized singlet state with respect to x0 or to y0.
If correlations of spin measurements owe to a local hidden variable λ, then [13]
|〈γ5/a⊗ γ5/b〉λ − 〈γ5/a⊗ γ5/c〉λ| ≤ 1 + 〈γ5/b ⊗ γ5/c〉λ . (28)
Now choose aµ, bµ and cµ so that
a · b = 0 and c = (a+ b)/
√
2 . (29)
Without loss of generality let aˆ = (1, 0, 0) , bˆ = (0, 1, 0), and so p = (0, 0, p3) . That is, the
particle beams are perpendicular to the static magnetic fields. Splitting of the beams owes to
the gradient of the strength of the static magnetic field [13], but that is not a consideration
here. Quantum mechanical correlations with respect to (25) satisfy
〈γ5/a⊗ γ5/b〉QM = 〈γ5/b ⊗ γ5/a〉QM = a · b = 0 (30)
and
〈γ5/a⊗ γ5/a〉QM = 〈γ5/b ⊗ γ5/b〉QM = a · a = b · b = −1 . (31)
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Hence
|〈γ5/a⊗ γ5/b〉QM − 〈γ5/a⊗ γ5/c〉QM | = 1√
2
(32)
and
1 + 〈γ5/b ⊗ γ5/c〉QM = 1− 1√
2
, (33)
which contradict (28) .
B. weak isospin entanglement
An argument analogous to the above is available for weak isospin. The Pauli spinor
basis is σµ = {1, σ1, σ2, σ3} where again the σj for j = 1, 2, 3 are the Pauli matrices. The
dual basis is σµ = {1,−σ1,−σ2,−σ3} . An invariant inner product [15, 16] is provided by
ξ†p · σχ for all Pauli spinors ξ and χ . The Dirac matrices γµ of the preceeding subsection
are replaced with the Pauli-Lubanski matrices W µ . That is, W µ(p) = iLµνpν , where the
objects Lµν = (i/4)(σµσν − σνσµ) generate the Pauli spinor representation of the Lorentz
group. For further details, see [17]. The spin operator is then −(2/mp)aµW µ(p) . Again,
p · a = 0 and a · a = −1 . The operator reduces in the rest frame for pµ to the nonrelativistic
spin a·σ . The spatial extent of a static vector boson is its Compton wavelength and so
the feasibility of a ‘weak Stern-Gerlach apparatus’ seems remote, but parametrized first
quantization admits unrestricted entanglement of left handed doublets.
IV. SUMMARY
The Standard Model of the electroweak interaction is modified to include the Stueckelburg-
Feynman parameter. The parametrized Higgs potential (7) and parametrized Higgs to
fermion couplings such as (18) yield every feature of the model. They also parametrize the
strong interaction, since the gluons do not depend upon the parameter. Relativistic entan-
glement is admitted with unrestricted separation in spacetime, and a covariant extension of
Bell’s inequality is derived.
12
Appendix A: First quantized electrodynamics
Quantum Field Theory includes pair annihilation and creation, higher order corrections
to interactions, and the spin statistics connection. First quantized relativistic quantum
mechanics also includes these phenomena.
1. Pair creation and annihilation are properly treated as processes involving two particles,
rather than as hole theory for a single particle [18]. The parametrized two particle
process includes the pair of independent processes
(e−, {e−}) τ−→ ({e−}, e+) + (γ, γ) , (A1)
and also the pair
(e−, {e+}) τ−→ ({e+}, e+) + (γ, γ) . (A2)
The parameter τ increases from left to right. The parentheses in (A1) and (A2) denote
virtual, or off mass shell particles. The scattering amplitude for (A1) is the product
of the single particle amplitudes, and likewise for (A2). Adding the two amplitude
products, and summing over all initial and final virtual energy-momenta yields the
hole theory amplitude [18], with the internal line expressed as an expansion in off shell
wavefunctions.
2. Higher order corrections to scattering amplitudes follow as series expansions of the
parametrized Bethe-Salpeter equation [1, eq.(64)], in which the interaction poten-
tial is constructed semiclassically from the quantum currents. In the parametrized
formulation, the Bethe-Salpeter equation is derived from the multiple particle wave
equation (23) without further assumption. At all orders with respect to the fine struc-
ture constant (in the case of electrodynamic scattering), the external fermion lines in
the tree diagrams are all on shell. Pairs of external fermion lines are then conven-
tionally connected to form internal fermion lines [19, §2.3.1]. That is, final electron
lines are connected only to initial electron lines, and final positron lines only to initial
positron lines. The connection of lines, say those of some lepton, is equivalent to the
substitution
ψi(x
′, τ ′)ψf(x, τ) 7→ exp[−iϑ(τ
′ − τ)]
(2π)4
∫
d 4p
ml + /p
p2 −m2l + iǫ
exp[ip · (x′ − x)] (A3)
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which yields the standard Feynman diagrams. The substitution is made without re-
gard to the sign of τ ′− τ . In (A3), ml = glϑ is the on shell or rest mass of the lepton.
The standard additional minus sign is introduced whenever the substitutional yields a
closed lepton loop [18]. There is however no need to follow [18] who make further sign
corrections in order to respect the spin statistics connection. The Uehling potential,
the anomalous magnetic moment of the electron and the Lamb shift all obtain even-
tually, as in [18]. The Standard axial anomaly of quantum electrodynamics is derived
in the same manner [1]. The anomaly here is a classical field rather than a field of
operators.
In electroweak interactions an electron line, for example, may be connected to an
electron neutrino line but not to a muon neutrino line. The resulting substitution
matrix for left handed doublets, analogous to (A3) is diagonal. Along this diagonal, the
lepton mass (ml = glϑ) is the neutrino mass (mν = gνϑ) for left handed neutrinos and
is the electron mass (me = geϑ) for left-handed electrons. The nonabelian electroweak
gauge fields obey nonlinear wave equations (see for example [9]) which of course must
also be expanded.
The motivation for the substitution (A3) is provided by the free influence function
Γ0+(x, τ) associated with (20). It propagates free states of positive energy (p
0 > 0)
and positive mass (ψ ∝ exp[−i̟pτ ]) towards increasing coordinate time t = x0 as the
parameter τ increases. The τ dependence of Γ0+ for energy-momentum p is
Γ0+(p, τ
′ − τ) = 1
2π
∫
d̟
gl̟ − /p
g2l̟
2 − p2 − iǫ exp[i̟(τ
′ − τ)] . (A4)
Inserting 2πδ(̟ + ϑ) into the integrand in (A4) yields
Γ0+(p, τ
′ − τ) = exp[−iϑ(τ ′ − τ)] /p+ml
p2 −m2l + iǫ
(A5)
which is the Feynman propagator for on shell particles [18, §6.4]. Now, let ψi and
ψf be free wave functions respectively for initial and final on shell particles. The
substitution ψi(x
′, τ ′)ψf (x, τ) 7→ Γ0+(x′ − x, τ ′ − τ), when combined with the ansatz
(A5), leads to standard Feynman diagrams. The substitution is the equivalent of the
standard practice in QFT, in which vacuum-to-vacuum expectations are equated to
propagators.
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3. Absent the causal commutator and causal anticommutator relations of QFT, the spin
statistics connection is established using Jab’s rule [20, 21] extended to the relativistic
regime [3]. When exchanging wavefunctions for two identical particles, the exchange
of the angles of phase relative to the axis of spin must be homotopically consistent.
That is, the lesser angle α must be increased anticlockwise through β − α until it
equals the greater angle β, and the greater angle β must be increased anticlockwise
through 2π − β + α until it equals the lesser angle α. Hence the multiple particle
wavefunction is antisymmetric in the case of half integer spin including the Standard
Model fermions considered here, and symmetric for particles of integer spin including
the Higgs boson. The tensor structure of (23) and its extensions for many particles
preserve the antisymmetry for all τ . Corrigendum
Equation (86) in [3] should read
O(s, ξ) = exp
(
i
2
ξγ0γ5/s
)
(A6)
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